###### Key messages

What is the key question?
=========================

-   Is low level ambient air pollution associated with airway inflammation?

What is the bottom line?
========================

-   Exposure to fine airborne particles (PM~2.5~) was associated with airway inflammation, as detected by the fraction of exhaled nitric oxide in this sample of 236 older women in Germany, almost a third of whom had some chronic inflammatory respiratory condition.

Why read on?
============

-   These findings suggest that PM~2.5~ concentrations need to be reduced as low as possible to protect the health of the general population.

Introduction {#s1}
============

Air pollution is responsible for a substantial burden of mortality and morbidity in countries such as India and China with very high ambient concentrations of fine particles\<2.5 µm diameter (PM~2.5~).[@R1] However, there does not appear to be a threshold below which adverse health effects of PM~2.5~ are not observed. The UK Biobank study of over 300 000 individuals reported that much lower modelled concentrations of PM~2.5~, as well as respirable particles\<10 µm diameter (PM~10~) and nitrogen dioxide (NO~2~) were associated with the prevalence of chronic obstructive pulmonary disease (COPD).[@R3]

Since 1990, COPD has overtaken tuberculosis and become the seventh leading cause of mortality in the 2017 Global Burden of Disease study.[@R4] COPD is also a highly prevalent condition in many countries with ageing populations, for example 7.5% of Australian adults over the age of 40, and 29.2% of those over the age of 75 years met criteria for the Global initiative for Obstructive Lung Disease (GOLD) definition of COPD Stage two or greater.[@R5] Within Europe, the prevalence of COPD of this severity in adults over 40 years old ranged from 5.9% in Hannover, 8.3% in Bergen and 10.6% in Salzburg to 10.9% in Krakow.[@R6] The major known and preventable cause of COPD is active smoking of tobacco.[@R6] However, many other causes have been identified, including genetic disorders such as α~1~ antitrypsin deficiency, occupational exposures[@R7] and air pollution.

Airway inflammation is one of the potential pathophysiological mechanisms by which air pollutants can affect respiratory health in both children and adults. The fraction of exhaled nitric oxide (FeNO) is a well-validated non-invasive marker of airway inflammation, particularly eosinophilic inflammation. It has long been known that children[@R8] and adults with poorly controlled asthma have elevated FeNO levels and that these levels can be reduced by inhaled corticosteroids.[@R9] The American Thoracic Society (ATS) has developed guidelines for the measurement of FeNO in clinical practice.[@R10] More recently, it has been proposed that FeNO could also be a useful biomarker to detect airway inflammation as an effect of exposure to air pollution.[@R11] However, there were limited FeNO data from older populations with higher prevalences of COPD and other chronic inflammatory conditions.

The aim of this study was to investigate whether exposures to particulate matter, oxides of nitrogen and ozone were related to FeNO in a cohort of older women.

Methods {#s2}
=======

The data were obtained from the Study on the influence of Air pollution on Lung function, Inflammation and Ageing. Details of this female cohort from the Ruhr area and Southern Münsterland of Germany have been described elsewhere.[@R12] Baseline examinations of 4874 women aged 54--55 years were undertaken between 1985 and 1994. This analysis presents selected symptom and lung function data from the second follow-up of 834 women, which was conducted in 2007--2010.[@R13] The Medical Ethics Committees of the Ruhr University, Bochum and Heinrich-Heine University, Düsseldorf approved the examinations and all participants provided written informed consent.

Spirometry was performed following guidelines of the ATS and European Respiratory Society (ERS).[@R14] Measurements included the forced expiratory volume in 1 s (FEV~1~), forced vital capacity (FVC) and the ratio of FEV~1~/FVC was calculated. To account for effects of age, sex and height, z scores were estimated using the Global Lung Initiative (GLI) reference set,[@R15] which fitted our data well.[@R13] The lower limit of normal (LLN) was defined as z\<−1.28 (lower 10%le). FeNO was measured in 196 women with a NIOX Flex (formerly manufactured by Aerocrine, Solna, Sweden) and 40 with CLD 78 TR (Ecomedics AG, Dürnten, Switzerland) equipment during exhalation at 50 mL/s, following recommendations of the ATS.[@R16] Participants attended the laboratory fasting, were asked not to smoke and not tested until after recovery from a respiratory tract infection.

Exposure to air pollution was assessed by land-use regression (LUR) models following the European Study of Cohorts for Air Pollution Effects (ESCAPE) protocols.[@R17] Exposure concentrations were estimated using the ESCAPE LUR model (which was for 2008--2009) at the home residential addresses on follow-up (2007--2010). These were forward extrapolated by the ratio method, if the participant was examined after 2008--2009, and back extrapolated by the ratio method, if the participant was examined before 2008--2009. The length of major roads (\>5000 vehicles/day) within a 1 km buffer of the home address was also estimated for the ESCAPE project using digital road network linked with traffic intensity data in a Geographic Information System. The 5-year (2004--2008) mean concentration of daily maximum rolling 8-hour mean ozone at the home address was measured at the closest monitoring station (Landesamt für Natur, Umwelt und Verbraucherschutz, NRW).

Statistical methods {#s2-1}
-------------------

We used natural log-transformed FeNO values because of the right-skewed distribution ([online supplementary figure S1](#SP1){ref-type="supplementary-material"}). Multiple linear regression models were fitted to log~e~FeNO with each pollutant separately. These models adjusted for potential confounders[@R19] such as age, height, weight, current smoking, former smoking, secondhand smoke (SHS) exposure, urban/rural residence, socioeconomic status (SES; defined as highest education of the participant or her spouse; low \<10 years, medium=10 years, high:\>10 years of education) and which equipment was used to make FeNO measurements. Two missing values for SES and one missing value for SHS were replaced by the most frequently observed value ('medium' for SES, 'yes' for SHS).
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We performed additional sensitivity analyses by restricting the analyses to women with chronic inflammatory respiratory conditions (asthma, chronic bronchitis, hayfever, cough, cough with sputum or COPD), as well as to those with chronic inflammatory respiratory conditions or lung function below the LLN. Chronic bronchitis was defined as cough and sputum for ≥3 months on ≥2 years. We investigated potential effect modification by asthma and smoking status using appropriate interaction terms. We also compared our results with models that additionally adjusted for diabetes. Results were expressed as proportional changes per interquartile range (IQR) of the pollutant and 95% CI. All analyses were conducted in R, V.3.6.0 (20).

Patient and public involvement {#s2-2}
------------------------------

As this was an epidemiological study, there were no patients. It was not appropriate or possible to involve the public in the design, or conduct, or reporting, or dissemination plans of our research.

Results {#s3}
=======

Description of participants and exposures {#s3-1}
-----------------------------------------

Characteristics including lung function of participants are described in [table 1](#T1){ref-type="table"}. On average, the women were 74.6 years old and moderately overweight (mean body mass index 27.6 kg/m^2^). Of the 236 women, 137 (58.1%) came from an urban area and 99 (41.9%) from a rural area. Most of the women had medium or high SES (low: 17.0%, medium: 48.7%, high: 34.3%). Spirometry was close to what would have been predicted in a sample of women of this age. FEV~1~ was below LLN in 28 (11.9%), FVC in 12 (5.1%), the FEV~1~/FVC ratio in 28 (11.9%) and any of these spirometric indices in 45 (19.1%) participants. Demographic characteristics and lung function were similar to the other 598 women seen at this follow-up who did not have FeNO measurements (data not shown). The distributions of FeNO and log~e~FeNO (referred to simply as FeNO hereafter) are shown in [online supplementary figure S1](#SP1){ref-type="supplementary-material"}. Geometric mean (geometric SD) FeNO was 15.2 (1.93) ppb. The majority of measurements (81.4%) fell within the low range (\<25 ppb), 13.6% were moderate (25--50ppb) and 5.1% high (\>50 ppb), as proposed by the ATS.[@R10]

###### 

Description of participant characteristics (n=236)

                       Mean    SD     Minimum   Maximum
  -------------------- ------- ------ --------- ---------
  Age (years)          74.6    2.6    70.1      79.1
  Height (cm)          162     6.0    138       178
  Weight (kg)          72.8    13.6   41        132
  BMI (kg/m^2^)^)^     27.6    4.75   17.1      45.7
  FEV~1~ z score       0.03    1.07   −2.75     2.71
  FVC z score          0.16    0.90   −3.15     2.26
  FEV~1~/FVC z score   −0.33   0.83   −3.38     1.45
  FeNO/ppb             19.1    16.1   1.90      128
  log~e~FeNO           2.72    0.66   0.64      4.85

SD: Standard deviation

BMI, body mass index; FeNO, fraction of exhaled nitric oxide; FEV~1~, forced expiratory volume in 1 s; FVC, forced vital capacity.

There were 11 (4.7%) current smokers, 41 (17.4%) former smokers and 127 (53.8%) had been exposed to SHS. The prevalences of chronic respiratory and other conditions and symptoms are shown in [table 2](#T2){ref-type="table"}. The most common self-reported symptom was cough. Around one in ten participants reported ever having asthma, symptoms of chronic bronchitis or hayfever. Almost a third (n=71) reported any of the above chronic inflammatory respiratory conditions and sensitivity analysis focused on this group (below). Having diabetes was reported by 19 (8.1%) participants.

###### 

Prevalences of chronic respiratory and other conditions and symptoms (n=236)

                                          Yes          Missing
  --------------------------------------- ------------ ----------
  Asthma ever                             23 (9.7%)    0 (0%)
  Current asthma                          16 (6.8%)    3 (1.3%)
  Chronic bronchitis                      23 (9.7%)    2 (0.8%)
  Hayfever                                24 (10.2%)   0 (0%)
  Cough                                   31 (13.1%)   6 (2.5%)
  Cough with sputum                       10 (4.2%)    8 (3.4%)
  Chronic obstructive pulmonary disease   6 (2.5%)     0 (0%)
  Any respiratory condition               71 (30.1%)   0 (0%)
  Diabetes                                19 (8.1%)    1 (0.4%)

Individually assigned air pollutant concentrations are described in [table 3](#T3){ref-type="table"}. The long-term mean concentrations of PM~10~ and PM~2.5~ in this sample of women exceeded the WHO annual air quality guidelines[@R20] of 20 and 10 µg/m^3^, respectively. The NO~2~ concentrations were mostly below the WHO annual guideline of 40 µg/m^3^. The O~3~ concentrations fell within a narrow range and were all well below the WHO guideline for an 8 hour daily maximum of 100 µg/m^3^.

###### 

Description of individually assigned air pollution exposures at the follow-up (2007--2010) of the cohort (n=236)

                                    Mean   SD     IQR    Minimum   Maximum
  --------------------------------- ------ ------ ------ --------- ---------
  NO~2~                             27.2   6.88   7.65   18.4      68.2
  NO~x~                             44.1   17.3   19.4   21.7      115
  PM~10~                            26.9   1.93   2.03   23.5      33.2
  PM~coarse~                        9.56   1.53   1.68   4.40      14.7
  PM~2.5~                           17.5   1.45   2.11   14.2      21.4
  PM~2.5absorbance~                 1.45   0.43   0.39   0.87      3.95
  Major road length \<1 km buffer   6672   4447   4316   0         27 143
  O~3~                              60.0   2.99   6.35   56.7      63.4

IQR: Intrequartile Range SD: Standard deviation

NO~2~, nitrogen dioxide (µg/m^3^); NO~x~, oxides of nitrogen (µg/m^3^); O~3~, ozone (µg/m^3^); PM~10~, particulate Matter \<10µm diameter (µg/m^3^); PM~2.5~, particulate matter \<2.5µm diameter (µg/m^3^); PM~2.5absorbance~, particulate Matter \<2.5 µm diameter absorbance (10^-5^/m); PM~coarse~, coarse fraction of PM~10~ calculated as PM~10~ minus PM~2.5~ (µg/m^3^).

Associations between air pollutants and FeNO {#s3-2}
--------------------------------------------

The proportional changes in FeNO and 95% CIs for an IQR in oxides of nitrogen, particulate matter or length of major roads within a 1 km buffer with FeNO for the fully adjusted models are shown in [figure 1](#F1){ref-type="fig"}. In all participants tested, the proportional change in FeNO associated with an IQR change in PM~2.5~ was 1.20 (95% CI 1.04 to 1.39), PM~2.5absorbance~ 1.10 (95% CI 1.01 to 1.20) and PM~10~ 1.13 (95% CI 1.01 to 1.26). There were no significant associations with PM~coarse~, NO~2~, NO~x~, length of major roads or O~3~ ([online supplementary table S1](#SP1){ref-type="supplementary-material"}). Diabetes was associated with slightly lower FeNO levels, but fitting diabetes to the models did not materially alter the findings. There were no significant interactions between individual pollutants and asthma or current smoking (data not shown).

![Proportional changes (and 95% CIs) in FeNO for an IQR in oxides of nitrogen, particulate matter or major road length\<1 km buffer in: ■ all participants(n=236), ▲participants with chronic inflammatory respiratory conditions (n=71) and ● participants with chronic inflammatory respiratory conditions or lung function below the lower limit of normal (n=99). significant associations are indicated in red. estimates were adjusted for age, height, weight, current and former smoking, SHS exposure, urban/rural residence, SES and the FeNO measuring equipment. FeNO, fraction of exhaled nitric oxide; SES, socioeconomic status; SHS, secondhand smoke.](bmjresp-2019-000549f01){#F1}

Restricting the analysis to the 71 participants with a chronic inflammatory respiratory condition produced similar findings ([figure 1](#F1){ref-type="fig"}). There remained strong positive associations between FeNO and PM~2.5~ (1.68; 95% CI 1.24 to 2.26) and PM~10~ (1.32; 95% CI 1.04 to 1.68), but not PM~2.5absorbance~. There were no significant associations with PM~coarse~, NO~2~, NO~x~, length of major roads or O~3~ ([online supplementary table S2](#SP1){ref-type="supplementary-material"}). Fitting diabetes to the models did not materially alter the findings. There were no significant interactions between individual pollutants and current smoking (data not shown).

Finally, the analysis was restricted to 99 participants with either a chronic inflammatory respiratory condition or lung function below LLN. These findings are also presented in [figure 1](#F1){ref-type="fig"}. There were still strong positive associations between FeNO and PM~2.5~ (1.46; 95% CI 1.14 to 1.86), as well as PM~10~ (1.26; 95% CI 1.05 to 1.52) and PM~2.5absorbance~ (1.18; 95% CI 1.02 to 1.37). However, there were no significant associations with PM~coarse~, NO~2~, NO~x~, length of major roads or O~3~ ([online supplementary table S3](#SP1){ref-type="supplementary-material"}). Fitting diabetes to the models did not materially alter the findings. There were again no significant interactions between individual pollutants and current smoking (data not shown).

Discussion {#s4}
==========

This cross-sectional analysis nested within a cohort of ageing women from Germany showed that airway inflammation was consistently associated with moderate long-term exposures to fine airborne particles. There were also associations with PM~2.5absorbance~ and PM~10~, but no significant associations with PM~coarse~, NO~2~, NO~x~, O~3~ or length of major roads within a 1 km buffer. The findings were similar in subgroups with chronic inflammatory respiratory conditions, with or without impaired lung function. Although diabetes is also a chronic inflammatory condition, fitting it to the models did not materially alter the findings. Nor were there any significant interactions between air pollutants and asthma or current smoking. The geometric mean FeNO was similar to that recently reported in healthy middle aged European women.[@R19]

To our knowledge, this is the first epidemiological study to examine FeNO as a biomarker of respiratory effects in older women exposed to relatively low concentrations of air pollutants, at least compared with WHO air quality guidelines.[@R20] There have been some previous clinical studies in small panels of patients with COPD. Wu *et al* repeatedly measured FeNO in 23 patients with stable COPD who were exposed to very high concentrations of PM~2.5~ (median 97 µg/m^3^), PM~10~, SO~2~ and NO~2~ in Beijing.[@R21] They found that an IQR increase in 5-day moving average PM~2.5~ was associated with a 21.9% increase in FeNO. However, there were no significant associations between PM~10~, SO~2~ or NO~2~ and FeNO. Another panel study of 43 patients with stable COPD by the same investigators focused on O~3~ metrics in Beijing.[@R22] Although 8-hour maximum O~3~ concentrations were associated with lung function (FEV~1~), there was no significant association with FeNO. These findings for PM~2.5~ and O~3~ are consistent with ours.

There have been several previous cross-sectional studies of traffic-related air pollution and FeNO in children and adolescents, with or without asthma. A Canadian study of 9- to 11-year-old children found that roadways within 200 m of the home were associated with FeNO.[@R23] However, another Canadian study of elementary school children did not find any relationship between measures of traffic volume and FeNO.[@R24] The Children's Health Study measured FeNO in over 2000 school children from 13 communities in Southern California.[@R25] The length of roads within 100 m of the home[@R26] and daily cumulative average PM~2.5~, PM~10~ and O~3~ were associated with higher FeNO levels, particularly in the warm season.[@R25] We found an effect of PM~2.5~ as in the Children's Health Study,[@R25] but the concentrations of NO~2~ and O~3~ were much higher in Southern California than in Germany. The Australian Child Health and Air Pollution study (ACHAPS) recruited from 12 cities 2630 children aged 7--11 years, of whom 14.9% had current asthma.[@R27] An IQR increase in NO~2~ was associated with current asthma, decreased lung function (FEV~1~, FVC) and a 71% increase in FeNO. However, the mean NO~2~ exposure in ACHAPS[@R26] was similar to our participants, so perhaps children particularly those with asthma are more susceptible to inflammatory effects. Eckel *et al* measured FeNO in 1635 adolescents aged 12--15 years from Southern California.[@R28] They found that indoor NO as a marker of traffic-related air pollutants was associated with several FeNO indices, consistent with an effect on the distal airways.

There have also been a few adult air pollution studies that have examined FeNO. A small controlled experimental study of 20 non-smoking atopic volunteers found no effects of wood smoke (200 or 400 µg/m^3^) on lung function, FeNO or nasal lavage.[@R29] Mirabelli *et al* conducted a panel study of 39 adults with or without self-reported asthma exposed to traffic-related air pollutants during rush hour commuting in Atlanta.[@R30] The largest post-commute increases in FeNO were observed in participants with below median asthma control. There was also an association between PM~2.5~ in the vehicle and FEV~1~ in this group. The PM~2.5~ concentrations inside vehicles in Atlanta[@R30] were higher than those we estimated in ambient air. Again, this panel study highlighted the greater susceptibility of patients with current asthma, which was only present in 7% of our participants.

Responses in cardiorespiratory biomarkers to changes in air quality around the Beijing Olympic games were studied in healthy young adults aged 19--33 years by Zhang *et al*.[@R31] The mean concentrations of all air pollutants except O~3~ improved during the games, for example, NO~2~ fell by 43% and PM~2.5~ by 27%. This was associated with reductions in many inflammatory markers including a 60% fall in FeNO. Following the games, air quality deteriorated again accompanied by increases in inflammatory markers, including a 130% increase in FeNO. In Sweden, Modig *et al* measured FeNO at two flow rates in 5841 adults aged 25--75 years.[@R32] Ozone was associated with distal airway inflammation, but there was only a small effect of NO~x~ and no clear effect of PM~10~. Although PM~2.5~ was not reported, exposures in this Swedish study[@R32] were fairly similar to ours, so it is unclear why the main effect on FeNO was from O~3~. This study focused on short-term exposures up to 120 hours, so perhaps the effects of O~3~ were reversible over longer periods.

People with diabetes are also more susceptible to the effects of air pollution.[@R33] Peng *et al* conducted a panel study of 69 Boston residents with type 2 diabetes, in whom they made repeated measurements of FeNO.[@R34] Interquartile increases in 6-hour averages of black carbon and particle number were associated with FeNO. There were also significant associations with 24 hours averages of black carbon and NO~x~. We found an association with PM~2.5absorbance~ which is a surrogate for black carbon in the whole group that persisted after fitting diabetes to the models. Unfortunately, we did not have measurements of ultrafine particles at the time of the follow-up investigation.

There is quite good biological plausibility that PM~2.5~ could induce airway inflammation via oxidative stress. Numerous experimental studies in rats and mice and some human panel studies have investigated the underlying pathophysiological mechanisms.[@R35] As an example, one relevant animal study involved intratracheal installation of urban background PM~2.5~ in spontaneously hypertensive rats.[@R36] This exposure triggered pulmonary inflammation, disturbed the pulmonary vasculature and provoked systemic inflammation. Many of the effects observed appear to involve disruption of redox signalling and induction of an immune response by reactive oxygen species,[@R35] which include superoxide, hydroxyl radicals, NO and peroxynitrite. Protective proteins including pulmonary surfactant and antioxidants also play an important role that has become a target for interventions.

Strengths and limitations {#s4-1}
-------------------------

The strengths of our study included the well-characterised cohort of the women. Lung function was measured following ATS/ERS guidelines and the most recent international reference set (GLI) applied to adjust for effects of age, sex and height. FeNO was measured in a subgroup using validated methods with careful attention to preparation and quality control. Air pollutant exposures were estimated following the standardised ESCAPE protocols for PM and NO~x~ or local ground level measurements for O~3~. The data were fairly complete with only small numbers of missing values. Regression models were fitted to control for known potential confounders.

However, there were also some limitations. Like any longitudinal study, there has been some attrition by the time this follow-up was conducted. Because this was a cross-sectional analysis, we need to be cautious about causal inference. We did not have access to data on medications, such as inhaled corticosteroids. Two different FeNO devices were used, which was allowed for by fitting the equipment to the regression models. There is some evidence for equivalence of FeNO measurements between these types of devices.[@R37] FeNO was only measured at one flow rate, so we could not partition between proximal and distal airway effects. Because exposure was only assessed at residential addresses, there might be some misclassification. However, the effect of non-differential misclassification of exposure would be to bias estimates towards the null. There were smaller numbers of participants with chronic inflammatory conditions or impaired lung function. Nonetheless the effects of PM~2.5~ were consistent in these subgroups. As in any epidemiological study, we accept the possibility of some residual confounding.

Conclusion {#s5}
==========

Our findings confirm an effect of long-term exposures to fine particles on airway inflammation in ageing women. Clearly further research is required in high-risk populations including those with asthma, COPD and other chronic inflammatory conditions including diabetes. However, we consider that there is already sufficient evidence to reduce recommended ambient PM~2.5~ concentrations as low as possible to protect the health of the general population. Physicians should continue to advise their elderly patients with chronic diseases to avoid strenuous exercise outdoors on days with reduced visibility from particulate pollution.
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